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Abstract

The equations are developed for the calculation of leak flow rates in various leak
regimes. Leaks due to pressure-driven convection and due to permeation through metals
are considered. For convective leaks, the conditions under which the flow transitions
from laminar to turbulent and from subsonic to choked (sonic) flow are discussed.
Equations are presented to calculate leak rates for subsonic laminar and turbulent flows,
as well as choked (sonic) flow rates. Given the advantages of using noncombustible gases
for leak testing and measurement, equations are also developed for calculating the
equivalent leak rate of helium when it is used as a surrogate for the combustible gases
hydrogen and methane in each of these flow regimes. Equations are derived for the
permeation rate of hydrogen through several common metals. Tabulated data is presented
for the permeation rates of hydrogen through pure iron and two types of stainless steel
over a pressure range from 5,000 psi to 15,000 psi and a temperature range of —40°C to
100°C. The results clearly show the sensitivity of flux to temperature, with over an order
of magnitude increase in flux as the temperature is increased from ambient to 373 K
(100°C). Permeation rates are also found to vary significantly with material. For example,
permeation rates for pure iron (Fe) are about three orders of magnitude higher than 403
stainless steel and nearly five orders of magnitude higher than type 316L stainless steel
for a given temperature and pressure. Under many combinations of pressure and
temperature, leak rates for Fe exceed the permissible gaseous hydrogen leak rates, while
rates for 316L stainless steel are well below permissible permeation rates at all
combinations of temperature and pressure considered.

Introduction

The system components expected to evolve during the future development of a hydrogen
infrastructure include storage, bulk transportation and distribution, production and
utilization. One common requirement that must be met in each of these components is the
safe confinement and utilization of hydrogen. The identification of critical safety issues



thus becomes integral to hydrogen infrastructure development. To this end a recent
workshop was held to identify safety scenarios and prioritize research and technical
activities to support the development of hydrogen safety standards [1]. As part of this
workshop, unintended releases of hydrogen were recognized as a critical safety issue that
needs to be addressed. Of the sixty-eight release scenarios identified, the majority were
leaks that resulted in combustible cloud formation. The leak size, its origin and
surroundings were all used to further categorize the scenarios and resulting hazards.

It is generally recognized that two categories of leaks could be important in future
hydrogen infrastructure components. The first of these is the leakage of gaseous
hydrogen through holes, breaks and defects in material surfaces that contain the
hydrogen. These leaks involve the convection of hydrogen through openings of various
size and are driven by a pressure difference. They fall in the continuum flow regime, as
opposed to the molecular flow regime, and involve openings that are many times the
molecular mean free path. Gaseous convective leaks can further be divided into leaks
from high-pressure sources and those from low-pressure sources, since the pressure ratio
across the leak determines whether the flow through the leak is subsonic, or choked
(sonic). For example, in the simple case of air passing through a small nozzle, if the
pressure ratio across the nozzle is greater than about 1.9:1 the flow will be choked at the
nozzle exit and the flow rate through the nozzle will be limited. In this case the flow is
considered compressible and the equation set governing compressible flow behavior can
be applied. At pressure ratios across the leak that are below the choked flow minimum,
the flow is subsonic and governed by incompressible flow equations. Depending on leak
geometry and flow rate, this subsonic flow can be either laminar or turbulent.

A second leak category is diffusion, or permeation, of hydrogen through the surface of
the hydrogen confinement vessel. In this case the leak falls into the molecular flow
regime and involves the diffusive transport of molecules through the surface material.
This type of leak is probably most relevant to storage tanks that have a high surface area
and long residence times where the leak occurs over an extended period of time. Again,
this type of leak is governed by a different set of mathematical models.

Hydrogen system components will require periodic testing as to their integrity against
leaks of various types. From the standpoint of both safety and cost, it is desirable to test
for leaks and assess whether the leak rate is below a desired minimum standard from
various components using an inert surrogate gas. Helium has been proposed as a good
candidate for this procedure due to its low molecular weight and molecule size, which are
comparable to, but not exactly matching, those of hydrogen.

The objective of this paper is twofold. The first objective is to provide a framework for
the calculation of flow rates in various leak regimes. As such, the paper addresses both
convectively driven gaseous hydrogen leaks and the permeation of hydrogen through
metals. In the case of convective leaks, equations will be presented for determining leak
rates for low-pressure (laminar and turbulent incompressible flow) and high-pressure
(choked flow) leaks. Given the desirability of using an inert gas such as helium as a
surrogate for combustible gas during leak testing, a second objective is to develop the



equations for calculating the equivalent flow rate of helium when it is used in leak
testing as a surrogate for two common combustible gases, hydrogen and methane. In the
following sections convective leaks are first considered, followed by a discussion of
hydrogen permeation through metals. Convective leaks are further categorized into
subsonic laminar and turbulent flows, and choked flows from high-pressure sources. In
each case the governing equations are developed and used to determine the equivalent
flow rates of a helium surrogate gas that replaces the hydrogen and methane.

Hydrogen Leakage

Gas leakage from gas storage and delivery systems typically occurs through an aperture
that is much greater than the mean free path of the gas molecules. Therefore, a flow-
based continuum model can be used to approximate the leakage rate. The highest
pressures encountered typically range from 3,600 to 10,000 psi in storage tanks and 7,500
to 15,000 psi in the fueling system lines. However, downstream in a vehicle fuel system
the actual pressure can be as low as 10 to 15 psig.

Swain and Swain [2] studied the leakage rates of both hydrogen and methane at line
pressures up to about 14psi. They determined that leaks at low pressures occur primarily
in a laminar mode, although entrance effects must be accounted for in leaks with large
cross-sections [2]. Leaks at higher pressures occur in a turbulent regime, and leaks at
very high pressures can be sonic [3]. The maximum allowable leak flow rates specified in
NGV2 [4] and HGV2 [5] for natural gas and hydrogen, respectively, are given in the first
column of Table 1. Shown in the remaining columns of Table 1 are the calculated
equivalent helium leak rates for methane and hydrogen in different flow regimes based
on the procedures described below.

Determination of Flow Regime

At lower pressures the flow can be treated as incompressible and can be either laminar or
turbulent. The transition from laminar to turbulent flow should occur at approximately

the same Reynolds numbers (Re = \@j for all gases where V is the gas velocity, D is

Y7,
an effective leak diameter, p is the gas density and p is the dynamic viscosity [3]. For
example, the transition Reynolds number for flow through a pipe is about 2,300. This
value compares with flow studies in small diameter hydrogen and methane leaks that
showed laminar behavior up to a Reynolds number of 3,200 [2]. Assuming the same
physical defect causing the leak and the same pressure and velocity, it is the density to

viscosity ratio (ﬁ] , or the inverse of the kinematic viscosity (v), that determines the

Reynolds number [3]. The kinematic viscosities of helium, hydrogen, and methane at
20°C are approximately 1.2%¥10%, 1.1*¥10™, and 1.3*10™ m?/s, respectively [6], so the
density to viscosity ratios of methane to helium and hydrogen to helium are 9.3 and 1.1,
respectively. Thus helium should begin to transition from laminar to turbulent flow at a



flow rate about 9.3 times greater than the flow rate where methane transitions and at a
flow rate about 1.1 times greater than the flow rate where hydrogen transitions.

As the pressure ratio across the leak increases a transition from incompressible to
compressible flow occurs and, at a sufficiently high-pressure ratio, the flow through the
leak becomes sonic, or choked, at the leak exit. This limits the leak rate to a value that
depends on the stagnation temperature and pressure of the gas, the leak diameter and the
type of gas. Assuming isentropic flow of an ideal gas through a converging nozzle, the
transition to sonic flow is determined by the pressure ratio across the leak, P,/P., where
P, is the stagnation pressure of the gas on the high pressure side of the leak and P, is the
pressure at the leak exit. This ratio must exceed a value of 1.89 for sonic flow to occur in
air. Since this pressure ratio is dependent on the ratio of specific heats at constant
pressure and volume, k, it is of interest to examine how this ratio varies with the gas
being considered. It can be shown that the pressure ratio across a converging nozzle
under isentropic flow conditions required for choked flow at the minimum diameter is
given by

%:[H(%jT | Eq. (1)

The specific heat ratios of helium, hydrogen, and methane at 20°C are 1.66, 1.41, and
1.31, respectively [8]. Substituting these values into Eq. (1) gives the critical pressure
ratio for the transition to sonic flow for helium and hydrogen and methane to be 2.05,
1.90 and 1.84, respectively. Thus, for these three gases the variation in critical pressure
ratio is less than 10 percent.

Laminar Flow Regime

Hagen-Poiseuille flow, which assumes laminar, pressure driven flow through a tube, can
be used to describe leakage through a pinhole. The resulting volumetric flow rate
through the leak, can then be determined by applying Darcy’s equation to the flow:

_AP/Z D*

Q= 1284 L

Eq. (2)

where D is the leak diameter, p is the dynamic viscosity of the gas, L is the length of the
leak passageway, and AP is the pressure drop across the leak [2]. Helium is frequently
used as the test gas to measure gas leakage. The maximum allowable leak rate for natural
gas containers is specified in NGV2 as 0.25 cc per hour per liter of water capacity at
3,600 psi, or 0.25 cc/hr/liter at 3,600 psi [4]. Note that this allowable leak rate is
specified as the volumetric leak rate at standard temperature and pressure (cc/hr)
normalized by the volume from which the leak is flowing. The allowable leak rate from a
given vessel is found by multiplying the normalized leak flow rate by the vessel volume.
The ratio of the leak rate equation for helium and natural gas can be used to approximate



the equivalent leak rate for helium in terms of the allowable leak rate for natural gas
(methane). Assuming flow in the same leak geometry and with the same pressure drop
yields an equation of the form

Hen,

Hye

QHe =

Qcn, - Eq. (3)

To illustrate the use of this equation, the equivalent leak rates for helium that correspond
to the maximum permissible leak rates for methane and hydrogen in Table 1 will be
determined. It is important to note that the permissible leak rates in Table 1 are for
methane at 3,600 psi and hydrogen at 5,000 psi and 10.000 psi. Since leaks from such a
high pressure source (for example a storage tank) typically exhaust into a surrounding
environment at near atmospheric conditions, the resulting pressure ratio across the leak
will exceed the critical pressure ratio for sonic flow and result in a sonic, choked flow
and not a subsonic laminar or turbulent flow. The leak rates in the columns labeled
laminar and turbulent are thus simply helium flow rate equivalencies to the permissible
methane and hydrogen leak rates. The dynamic viscosities of helium and methane at
20°C are approximately 1.9%¥10” Ns/m” and 1.1*10” Ns/m?, respectively [6]. Therefore,
the equivalent helium leak rate is 0.14 cc/hr/liter.

The same process can be used to approximate the equivalent leak rates of helium in terms
of allowable leak rates for hydrogen. The maximum allowable leak rate for hydrogen
specified in HGV2 is 1 cc/hr/liter at 5,000 psi and 2.8 cc/hr/liter at 10,000 psi [5]. The
dynamic viscosity of hydrogen at 20°C is about 8.5%10° Ns/m” [6]. The equivalent
helium leak rates are 0.45 cc/hr/liter at 5,000 psi and 1.25 cc/hr/liter at 10,000 psi. These
equivalent leak rate values are given in the third column of Table 1.

Turbulent Flow Regime

Darcy’s equation with a constant friction factor can be used to approximate the leak rate
for a turbulent regime. In general, the friction factor, f, for turbulent flows is a function
of both surface roughness and Reynolds number [7]. However, for a fixed surface
roughness, if it is assumed that the flow is fully turbulent then the friction factor can be
taken as constant. Given these assumptions the volumetric flow rate for turbulent flow is
given by:

2.5 /
Q=03547 2322 'Tip Eq. (4)

where f is the Darcy friction factor and p is the gas density [2]. Again, for the same leak
geometry, surface roughness and pressure drop across the leak, the equivalent leak rate
between helium and methane or helium and hydrogen is found by taking the ratios of the
leak rates,



A PcH, _ \/loiH2

QHe =—Qc|-|4 or QHe = QH2 Eq~ (5)
\/pHe Y pHe

Assuming that all of the gases behave as ideal gases allows Eq. (5) to be further
simplified. While the assumption of an ideal gas is not valid at sufficiently high
pressures, it should be a good approximation for the turbulent regime since the pressure
drop across the leak will be less than a factor of two. Pressure drops greater than a factor
of two typically result in sonic flow at the leak exit and the compressible flow regime
described below is entered.

Assuming ideal gas behavior and, further, that the pressure and temperature of the three
gases are the same, Eq. (5) can be simplified to

N JM
Que :MQCHA or Q= i Qu,

M e My

Eq. (6)

e

where M; is the molecular weight of the ith specie. The molecular weights of hydrogen,
helium, and methane are 2, 4, and 16 kg/kmol, respectively. The equivalent helium
leakage rate for methane is 0.5 cc/hr/liter, and the rates for hydrogen at 5,000 and 10,000
psiare 0.71 and 1.98 cc/hr/liter, respectively. These leak rates are given in the fourth
column of Table 1.

Sonic Throttling Flow

At sufficiently high pressure ratios the flow through a leak becomes sonic, or choked, at
the leak exit. If it is assumed that the flow through the leak can be modeled as an
isentropic flow of an ideal gas through a converging nozzle, then well-established
relationships for compressible flow can be applied to determine flow-equivalency
relations for different gases. As described previously, choked flow requires that the
pressure ratio across the leak, P,/Pe, exceeds a critical value (1.9 for hydrogen) where P,
is the stagnation pressure in, for example, a gas storage tank and P, is the pressure at the
leak exit. Under these conditions it can be shown that the volumetric flow rate (at
standard temperature and pressure) of and ideal gas through the leak is given by,

1
k+1 2

A

2 k-1
=—L kP Eq. (7
Q pstpL opo(k_l_lj q. (7)




where A, is the critical area of the leak passage at its minimum diameter, k is the ratio of
specific heats at constant pressure and volume, P, and p, are the stagnation pressure and
density of the gas, respectively, and py, is the gas density at standard temperature and

pressure. Taking the ratio of the leak rates and assuming identical leak geometry with
identical stagnation temperature and pressure, the equivalent leak rate (for ideal gases)
can be calculated as

= mé g(kHe) :[&Jé g(kHe) E 2
o (MJ k) 2 O M) k) +®)

where the function g(k) has been defined for the ith specie

|
kit

2 ki
ak) =| k; {m} : Eq. (9)

While the ideal gas assumption is valid for the lower pressure ranges encountered in both
the laminar and turbulent flow regimes, it is important to note that the ideal gas
approximation may not be a good model for hydrogen at high pressures. At
approximately 10,000 psi and 300K the compressibility factor Z (where Z=P/(pRT)) is
about 1.5 for hydrogen. For an ideal gas, Z is equal to unity. It is also noted that the
assumption of isentropic expansion neglects the effect of friction along the walls of the
leak passageway which, depending on the leak geometry and passageway length, may be
significant and, in some cases, can also result in choked flow. The specific heat ratios of
helium, hydrogen, and methane at 20°C are 1.66, 1.41, and 1.31, respectively [8]. Thus,
the equivalent helium leakage rate for methane is 0.54 cc/hr/liter, and the rates for
hydrogen at 5000 and 10,000 psi are 0.75 and 2.09 cc/hr/liter, respectively. These
equivalent leak rates are given in the last column of Table 1.

Permissible* Laminar Flow | Turbulent Flow | Sonic Flow**
Flow Rate
Methane at 3,600psi 0.25 0.14 0.5 0.54
Hydrogen at 5,000psi 1 0.45 0.71 0.75
Hydrogen at 10,000psi 2.8 1.25 1.98 2.09

Table 1. Helium Equivalent Leak Rate in cc/hr/liter. *Permissible methane and hydrogen flow rates
from references [4, 5]. **Equivalent flow sonic flow rates based on Eq.(8).

While the ideal gas assumption yields a much simplified and therefore useful equation for
equivalent leak rates between different gases, as noted above the ideal gas approximation
may not be a good model for gases at high pressures. Departures from ideal gas behavior
can be approximately included in the analysis by allowing for a non-unity compressibility




factor, Z. Using a non-deal gas equation of state (P=ZpRT) and sound speed leads to the
following equivalent leak rate equations for sonic flow of non-ideal gases

=| —CHs ZCH"J 9(Kye) :[Mmjlz[ )i 9(Kye) Eq. (10
QHe [ MHe ] [ N g(kCH QCH4 or QHe MHe He g(k )QH2 g. ( )

The compressibility factor, Z, is a function of pressure and temperature for a given gas.
As a first approximation the compressibility factor can be evaluated at the tank stagnation
pressure and temperature (P,, T,). Values of the compressibility factor for methane,
helium, and hydrogen at various pressures and temperatures can be found in references
[9], [10], and [11] respectively.

Helium-Nitrogen Mixtures

If a mixture of helium-nitrogen is used, the same basic equations will apply using
properties of the mixture. The helium volumetric leak rate is then computed from the
mixture volumetric leak rate by using the expression Qye = Xpe Qmix, Where Xy is the
mole, or volume fraction of helium in the helium-nitrogen mixture. The modified
equations for laminar and turbulent flows are shown below.

Laminar Flow

/UCH4
IleleP

Hyy AP
e THQ,

Eq. (11
AP, O q. (11)

mIX
QHe QCH4 QHe =

mix

Turbulent Flow

’V MCH4 Y AI:)mix \/ mlx

Que = Qen, or /— Eq. (12)
\/Mmix \/APCH4 APHz

These equations can be further simplified by assuming ideal gas behavior and the same

total pressure drop for the different gases (AProta1 = APz = APcps = APpix). Equations
(11) and (12) take the form

Laminar Flow

Hen My
Que = XpeQeh, Or Qe =—=X

mix mix

Qi Eq. (13)

Turbulent Flow
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Que :M—XHeQCH4 or Q= M XHeQHZ Eq. (14)

mix mix

The mixture molecular weight and mixture viscosity can be calculated from expressions
of the form

Mmix:inMi , /umix:zxi:ui Eq. (15)

where x; is the mole fraction of species i, and M; and g are the molecular weight and
viscosity of species I, respectively.

In the case of sonic flow Eqs. 8 and 10 still apply, but the effect of nitrogen mixed with
helium will have to be accounted for through its effect on the mixture molecular weight,
Mix and specific heat ratio, knix , which will have to be used in place of My and kyg.
In the case of Eq. 10 the compressibility, Zy, for helium must be replaced by the
compressibility of the mixture Znix. The values of Myix can be calculated from the
expression above. The value of kyix and Z,ix can be calculated from the equations

Cpmixzzxicpi s Comix :incvi s Lo :inzi Eq. (16)

where C,; and C,; are the constant pressure specific heat and constant volume specific heat of
species 1, and Z; is the compressibility of species i, respectively. Then, by definition

C
kmi>< :EM : Eq (17)

vmix

Equations 8 and 10 are used to calculate the mixture volumetric flow rate of the leak.
The expression (Que = Xpge Qmix) 18 then used to compute the helium volumetric flow rate
from the mixture volumetric flow rate.

Table 2 shows the helium equivalent leak rates for a helium-nitrogen mixture with 10%
helium.

Permissible Laminar Flow | Turbulent Flow Sonic Flow
Flow Rate*
Methane at 3,600psi 0.25 0.016 0.020 0.0206
Hydrogen at 5,000psi 1 0.050 0.028 0.0285
Hydrogen at 10,000psi 2.8 0.139 0.078 0.0798

Table 2 - Helium Equivalent Leak Rate in cc/hr/liter for 10% He mixture. *Permissible methane and
hydrogen flow rates from references [4, 5].




Permeability in Metals

Permeation through the material wall takes place on a much smaller scale than leakage
and must be modeled as diffusion through a solid rather than flow. In general, the
permeation of hydrogen through a metal is quite complex and involves the adsorption and
dissociation of molecular hydrogen to atomic hydrogen on the first surface. This process
is followed by the diffusion of atomic hydrogen through the metal to the second surface
where they recombine and undergo desorption. Since hydrogen and helium diffuse
through different mechanisms and the helium diffusion rate is several orders of
magnitude slower, leak tests involving permeation through metals must be done with
hydrogen. An approximation for the permeation rate of hydrogen through the walls of a
metal tank can be found as follows. Consider an infinite plate of thickness | with high
partial pressure of hydrogen on one side P and a comparatively negligible pressure on the
other side of the plate. Fick’s first law for diffusion provides the relationship between the
hydrogen flux J and the concentration gradient across the plate. Sievert’s law states that
the concentration C is proportional to the square root of the pressure. Combining these
relationships at steady state provides an expression for the rate of permeation of hydrogen
by diffusion:

Eq. (18)

where J is the permeation rate [mol s m™], D is the diffusivity of hydrogen in the plate
material, and S is the solubility of hydrogen in the plate material [12]. The product of the
solubility and the diffusivity is the permeability and has the expected exponential
dependence on temperature:

® = DS =®,exp(-E, /RT) Eq. (19)
The units of permeability are typically expressed in [mol-s™'-m™-MPa™""*]. Hydrogen
permeability data are provided in Table 3 for several metals.It should also be noted that
there is significant scatter in data reported in the literature, perhaps in part due to the fact
that permeability data are often extrapolated from high temperature and low pressure
(these data, including much of the data reported here, are typically determined at
temperatures > 373 K (100°C) and pressures < 0.1 MPa). The data in Table 3 are

provided as examples and no attempt was made to review or analyze data from the
literature.

At high pressures and low temperatures, hydrogen does not behave as an ideal gas and
the fugacity f should be used in place of the pressure in Eq. (18) to account for
nonideality. The fugacity essentially describes the nonideal behavior of the gas and, in
principle, can be determined from the equation of state. Many forms of the equation of
state of hydrogen have been proposed, but in general these do not lend themselves to
simple analytical forms for the fugacity as a function of pressure and temperature. For the
purposes of permeability, we use the Abel-Noble form of the equation of state for its
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simplicity and analytical tractability. The fugacity is derived from the Abel-Noble
equation of state and has the form:

f = Pexp(Pb/RT) Eq. (20)

where the “co-volume” constant b =15.5 cm®/mole [18]. This single constant describes
the nonideal behavior of deuterium in the temperature range 200 to 350 K and pressures
up to about 160 MPa. Although the constant b is derived for deuterium, Ref. [19] shows
that hydrogen and deuterium behave nominally the same near ambient temperature and
pressures up to 200 MPa.

Thus, the diffusion flux of hydrogen through a solid plate at steady state can then be
expressed as

I ‘1’«'/7 Eq. (21)

This analysis assumes diffusion-limited conditions (i.e. surface absorption and desorption
are not rate limiting).

Figure 1 shows the permeation flux of hydrogen as a function of pressure at two
temperatures; results are shown for pure iron (Fe) and several types of stainless steel.
Data from Table 3 is used to construct this plot and the thickness of the plate is assumed
to be 5 mm. Pressure vessel and piping steels are expected to have a permeability near
that of pure iron (due to low alloying content and similar crystal structure, compare the
permeability of 4130 steel to iron in Table 3). The results show that differences of several
orders of magnitude exist in the permeation rates through the different metals considered.
The highest permeation rates are found for pure iron, while 316 stainless steel has a
hydrogen flux nearly 5 orders of magnitude lower for the same pressure. The results
presented in Fig. 1 for temperatures of 298 K and 373 K also clearly show the sensitivity
of flux to temperature, with over an order of magnitude increase in flux with an increase
in temperature from ambient to 373 K (100°C). Table 4 provides the permeability of
several ferrous materials as a function of temperature in the range from 233 K (-40°C) to
373 K (100°C).

It is also of interest to determine permeation rates under the conditions and scenarios
expected in the currently developing hydrogen infrastructure. For example, typical wall
thickness for hydrogen storage tanks, transport vessels and delivery lines might vary from
0.5 mm to greater than 25 mm. Hydrogen tanks and tubing are certified for use between
233K (—40°C) and 358 K (85°C) and are expected for pressures up to 103 MPa

(15000 psi). Tables 5 through 13 show the calculated variation in the permeation rate of
hydrogen for this range of conditions using pure iron, and type 403 and 316 stainless steel
as the wall material. The mass flux of hydrogen, J,, in the third column is found by
multiplying the molar flow rate from Eq. (21) by the molecular weight of hydrogen
(2.016 gm/mole). The corresponding volumetric flow rates at STP, Q,, are shown in the
fourth column of each table.
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® = DS =®,exp(-E, /RT) ®at 298K
Material [mol's"-m”’-MPa~ | Ref.
D, Eo 1/2]
[mol's"-m"-MPa™"?] | [kJ/mol]
Pure Fe 5.35x 107 33.6 6.9x 10" [13]
403 stainless 59 10° 42.7 1.9x 10" [14]
steel
316L, stainless 3.9 x 10 64.1 23x 1018 [12]
steel
stee -—- --- ~10°
4130 steel 10" [15]
Aluminum 1.0x10° 52.5 6.3x 107 [16]
Copper 8.4x 10" 77.4 23x 107" [17]
Gold+ 1.14x 107 115 7.9x 10 [17]

Table 3. Hydrogen permeability data from the literature [mol Hy's"-m™-MPa™?|. } data for

deuterium permeation

Temperature [mol-s'l-mq')l°MPa'l/2]

O

pure Fe 403 SS 316L SS

-40 1.57E-12 1.58E-14 1.70E-18

0 1.99E-11 3.99E-13 2.16E-16

10 3.36E-11 7.75E-13 5.85E-16

25 6.90E-11 1.93E-12 2.30E-15

50 1.97E-10 7.34E-12 1.70E-14

85 6.70E-10 3.47E-11 1.76E-13

100 1.05E-09 6.18E-11 4.17E-13

Table 4. Hydrogen permeability as a function of temperature for several ferrous materials and data

from Table 3.
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Pressure (ksi)
0 2 4 6 8 10 12 14 16

—xX— 316 SS (298K)
—+— 316 SS (373K) |
—H— 403 SS (T=298)

—l— 403 SS (T=373)
—o— pure Fe (T=298)
—e— pure Fe (T=373)

Permeation Flux [ cm® H (@STP) /m*/s]

Pressure (MPa)

Figure 1. Permeation flux of hydrogen gas as a function of pressure through a S mm thick plate
assuming permeability data from Table 3.

Finally, to compare the magnitude of the wall permeation rates with the permissible gas
leak rates of Table 1, we assume a square box of one-liter volume. Since the permissible
leak rates of Table 1 are in units of cc/hr/liter of stored gas, the values in Table 1 are just
equal to the leak rate from the one-liter box. Using the surface area of this box, the
permeation rates in Tables 5-13 can be converted to total volumetric flow rates at STP,
Qm, . These are shown in the fifth column of the tables. (Note that for other container
shapes the permeation rates in column 5 of these tables will have to be modified to
account for difference in surface-to-volume ratio.) Depending on the conditions, it is seen
that the volumetric flow rates in Tables 5 through 13 often exceed the permissible flow
rates from HGV?2 [5] for hydrogen at 34.4 and 68.9 MPa (5,000 and 10,000 psi), as seen
in Table 1. In several cases they are two orders of magnitude higher. Even at 34.4 MPa
(5000 psi), permeation rates through a wall using pure iron with a wall thickness of 0.5
mm exceed the permissible rate except at the lowest temperatures. At the highest pressure
calculated (34.4 MPa / 15000 psi), the permeation rates are dangerously high for a wall
thickness of 0.5 mm; it should be noted that a combination of wall thickness and pressure
of 0.5 mm and 103 MPa is a hypothetical case since the stress in the wall of such a
component would be too high for any practical engineering system. For the 403 stainless
steel, permeation rates are generally permissible except at temperatures well above
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ambient (greater than 323K / 50°C). For a wall thickness greater than 6.35 mm (0.25 in),

permeation is maintained below the permissible rate for all conditions calculated except
the highest temperatures and pressures with pure iron. The 316 stainless steel maintains
permeation rates below the permissible value for all conditions studied.

P = 34.4 MPa L=0.5mm
(5000 psi) (0.02in)
Material T (°C) Jy (kg/m?s) Q. (cm®/s cm?) Quz (cm®/hr)
Pure Fe -40 4.3E-11 4.7E-08 0.10
0 5.3E-10 5.9E-07 1.3
10 8.9E-10 9.9E-07 2.1
25 1.8E-09 2.0E-06 4.4
50 5.2E-09 5.7E-06 12
85 1.7E-08 1.9E-05 42
100 2.7E-08 3.0E-05 65
403 Stainless -40 4.3E-13 4.8E-10 1.0E-03
0 1.1E-11 1.2E-08 0.026
10 2.1E-11 2.3E-08 0.049
25 5.1E-11 5.7E-08 0.12
50 1.9E-10 2.1E-07 0.46
85 9.0E-10 1.0E-06 2.2
100 1.6E-09 1.8E-06 3.8
316 Stainless -40 4.6E-17 5.1E-14 1.1E-07
0 5.7E-15 6.4E-12 1.4E-05
10 1.6E-14 1.7E-11 3.7E-05
25 6.1E-14 6.8E-11 1.5E-04
50 4.5E-13 5.0E-10 1.1E-03
85 4.5E-12 5.1E-09 1.1E-02
100 1.1E-11 1.2E-08 0.026

Table 5. Hydrogen permeation rates through metals.

P =34.4 MPa L =254 mm
(5000 psi) (0.101in)
Material T(C) Jv (kg/mzs) Qv (cm3/s sz) Qn2 (cm3/hr)
Pure Fe -40 8.4E-12 9.3E-09 0.020
0 1.0E-10 1.2E-07 0.25
10 1.8E-10 2.0E-07 0.42
25 3.6E-10 4.0E-07 0.86
50 1.0E-09 1.1E-06 24
85 3.4E-09 3.8E-06 8.2
100 5.4E-09 6.0E-06 13
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403 Stainless -40 8.4E-14 9.4E-11 2.0E-04
0 2.1E-12 2.3E-09 5.0E-03
10 4.0E-12 4.5E-09 9.7E-03
25 1.0E-11 1.1E-08 0.024
50 3.8E-11 4.2E-08 0.091
85 1.8E-10 2.0E-07 0.43
100 3.1E-10 3.5E-07 0.75
316 Stainless -40 9.1E-18 1.0E-14 2.2E-08
0 1.1E-15 1.3E-12 2.7E-06
10 3.1E-15 3.4E-12 7.3E-06
25 1.2E-14 1.3E-11 2.9E-05
50 8.8E-14 9.8E-11 2.1E-04
85 8.9E-13 9.9E-10 2.1E-03
100 2.1E-12 2.4E-09 5.1E-03

Table 6. Hydrogen permeation rates through metals.

P =34.4 MPa L =6.35mm
(5000 psi) (0.25in)
Material T(C) Jy (kg/m?s) Q. (cm®/s cm?) Qw2 (cm®/hr)
Pure Fe -40 3.4E-12 3.7E-09 8.1E-03
0 4.2E-11 4.6E-08 0.10
10 7.0E-11 7.8E-08 0.17
25 1.4E-10 1.6E-07 0.34
50 4.1E-10 4.5E-07 0.97
85 1.4E-09 1.5E-06 3.3
100 2.1E-09 2.4E-06 5.1
403 Stainless -40 3.4E-14 3.8E-11 8.1E-05
0 8.4E-13 9.3E-10 2.0E-03
10 1.6E-12 1.8E-09 3.9E-03
25 4.0E-12 4.5E-09 9.6E-03
50 1.5E-11 1.7E-08 0.036
85 7.1E-11 7.9E-08 0.17
100 1.3E-10 1.4E-07 0.30
316 Stainless -40 3.6E-18 4.0E-15 8.7E-09
0 4.5E-16 5.0E-13 1.1E-06
10 1.2E-15 1.4E-12 2.9E-06
25 4.8E-15 5.3E-12 1.1E-05
50 3.5E-14 3.9E-11 8.4E-05
85 3.6E-13 4.0E-10 8.6E-04
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100

8.5E-13

9.4E-10

2.0E-03

Table 7. Hydrogen permeation rates through metals.

P =517 MPa L=05mm
(7500 psi) (0.02iin)
Material T (°C) Jy (kg/m®s) Q. (cm®/s cm?) Quz (cm®/hr)
Pure Fe -40 5.6E-11 6.2E-08 0.13
0 6.9E-10 7.7E-07 1.7
10 1.2E-09 1.3E-06 2.8
25 2.4E-09 2.6E-06 5.6
50 6.6E-09 7.4E-06 16
85 2.2E-08 2.5E-05 53
100 3.5E-08 3.9E-05 84
403 Stainless -40 5.6E-13 6.3E-10 1.4E-03
0 1.4E-11 1.5E-08 0.033
10 2.7E-11 3.0E-08 0.064
25 6.6E-11 7.3E-08 0.16
50 2.5E-10 2.7E-07 0.59
85 1.2E-09 1.3E-06 2.8
100 2.0E-09 2.3E-06 4.9
316 Stainless -40 6.1E-17 6.7E-14 1.5E-07
0 7.5E-15 8.3E-12 1.8E-05
10 2.0E-14 2.2E-11 4.8E-05
25 7.9E-14 8.7E-11 1.9E-04
50 5.7E-13 6.4E-10 1.4E-03
85 5.8E-12 6.5E-09 0.014
100 1.4E-11 1.5E-08 0.033

Table 8. Hydrogen permeation rates through metals.

P =517 MPa L=254mm
(7500 psi) (0.1in)
Material T (°C) Jy (kg/m®s) Q. (cm®/s cm?) Quz (cm®hr)
Pure Fe -40 1.1E-11 1.2E-08 0.026
0 1.4E-10 1.5E-07 0.33
10 2.3E-10 2.5E-07 0.55
25 4.6E-10 5.1E-07 1.11
50 1.3E-09 1.5E-06 3.1
85 4.4E-09 4.9E-06 10.5
100 6.8E-09 7.6E-06 16
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403 Stainless -40 1.1E-13 1.2E-10 2.7E-04
0 2.7E-12 3.0E-09 6.5E-03
10 5.2E-12 5.8E-09 0.013
25 1.3E-11 1.4E-08 0.031
50 4.9E-11 5.4E-08 0.12
85 2.3E-10 2.5E-07 0.54
100 4.0E-10 4.5E-07 0.96
316 Stainless -40 1.2E-17 1.3E-14 2.9E-08
0 1.5E-15 1.6E-12 3.5E-06
10 4.0E-15 4.4E-12 9.5E-06
25 1.5E-14 1.7E-11 3.7E-05
50 1.1E-13 1.3E-10 2.7E-04
85 1.1E-12 1.3E-09 2.8E-03
100 2.7E-12 3.0E-09 6.5E-03

Table 9. Hydrogen permeation rates through metals.

P =517 MPa L =6.35mm
(7500 psi) (0.25in)
Material T (C) Jy (kg/m®s) Q. (cm®/s cm?) Quz (cm®hr)
Pure Fe -40 4.4E-12 4.9E-09 0.011
0 5.4E-11 6.0E-08 0.13
10 9.1E-11 1.0E-07 0.22
25 1.9E-10 2.1E-07 0.44
50 5.2E-10 5.8E-07 1.3
85 1.7E-09 1.9E-06 4.2
100 2.7E-09 3.0E-06 6.6
403 Stainless -40 4.4E-14 4.9E-11 1.1E-04
0 1.1E-12 1.2E-09 2.6E-03
10 2.1E-12 2.3E-09 5.0E-03
25 5.2E-12 5.8E-09 0.012
50 1.9E-11 2.2E-08 0.047
85 9.1E-11 1.0E-07 0.22
100 1.6E-10 1.8E-07 0.39
316 Stainless -40 4.8E-18 5.3E-15 1.1E-08
0 5.9E-16 6.5E-13 1.4E-06
10 1.6E-15 1.8E-12 3.8E-06
25 6.2E-15 6.9E-12 1.5E-05
50 4.5E-14 5.0E-11 1.1E-04
85 4.6E-13 5.1E-10 1.1E-03
100 1.1E-12 1.2E-09 2.6E-03
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Table 10. Hydrogen permeation rates through metals.

P =103 MPa L =0.5mm
(15000 psi) (0.02in)
Material T (°C) Jv (kg/m?s) Q. (cm*/s cm?) Quz (cm®/hr)
Pure Fe -40 9.7E-11 1.1E-07 0.23
0 1.2E-09 1.3E-06 2.8
10 1.9E-09 2.2E-06 4.7
25 3.9E-09 4.3E-06 9.4
50 1.1E-08 1.2E-05 26
85 3.6E-08 4.0E-05 86
100 5.6E-08 6.2E-05 134
403 Stainless -40 9.8E-13 1.1E-09 2.4E-03
0 2.3E-11 2.6E-08 0.056
10 4.5E-11 5.0E-08 0.107
25 1.1E-10 1.2E-07 0.26
50 4.1E-10 4.5E-07 0.97
85 1.9E-09 2.1E-06 4.5
100 3.3E-09 3.6E-06 7.9
316 Stainless -40 1.1E-16 1.2E-13 2.5E-07
0 1.3E-14 1.4E-11 3.0E-05
10 3.4E-14 3.8E-11 8.1E-05
25 1.3E-13 1.5E-10 3.1E-04
50 9.4E-13 1.0E-09 2.3E-03
85 9.4E-12 1.0E-08 0.023
100 2.2E-11 2.5E-08 0.053

Table 11. Hydrogen permeation rates through metals.

P =103 MPa L=254mm
(15000 psi) (0.101in)
Material T (°C) Jy (kg/m?s) Q. (cm®/s cm?) Quz (cm®/hr)
Pure Fe -40 1.9E-11 2.1E-08 0.046
0 2.3E-10 2.5E-07 0.55
10 3.8E-10 4.2E-07 0.92
25 7.7E-10 8.6E-07 1.8
50 2.1E-09 2.4E-06 5.1
85 7.1E-09 7.9E-06 17
100 1.1E-08 1.2E-05 26
403 Stainless -40 1.9E-13 2.1E-10 4.6E-04
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0 4.6E-12 5.1E-09 1.1E-02
10 8.8E-12 9.8E-09 0.021
25 2.2E-11 2.4E-08 0.052
50 8.0E-11 8.9E-08 0.19
85 3.7E-10 4.1E-07 0.88
100 6.5E-10 7.2E-07 1.6

316 Stainless -40 2.1E-17 2.3E-14 5.0E-08

0 2.5E-15 2.8E-12 6.0E-06
10 6.6E-15 7.4E-12 1.6E-05
25 2.6E-14 2.9E-11 6.2E-05
50 1.9E-13 2.1E-10 4.5E-04
85 1.9E-12 2.1E-09 4.5E-03
100 4.4E-12 4.8E-09 0.010

Table 12. Hydrogen permeation rates through metals.

P =103 MPa L=6.35mm
(15000 psi) (0.25in)
Material T (°C) Jy (kg/m?s) Q. (cm*/s cm?) Quz (cm®/hr)
Pure Fe -40 7.7E-12 8.5E-09 0.018
0 9.2E-11 1.0E-07 0.22
10 1.5E-10 1.7E-07 0.37
25 3.1E-10 3.4E-07 0.74
50 8.6E-10 9.5E-07 2.1
85 2.8E-09 3.1E-06 6.8
100 4.4E-09 4.9E-06 10.6
403 Stainless -40 7.7E-14 8.6E-11 1.9E-04
0 1.8E-12 2.0E-09 4.4E-03
10 3.5E-12 3.9E-09 8.5E-03
25 8.6E-12 9.6E-09 0.021
50 3.2E-11 3.5E-08 0.077
85 1.5E-10 1.6E-07 0.35
100 2.6E-10 2.9E-07 0.62
316 Stainless -40 8.3E-18 9.2E-15 2.0E-08
0 9.9E-16 1.1E-12 2.4E-06
10 2.7E-15 3.0E-12 6.4E-06
25 1.0E-14 1.1E-11 2.5E-05
50 7.4E-14 8.2E-11 1.8E-04
85 7.4E-13 8.2E-10 1.8E-03
100 1.7E-12 1.9E-09 4.2E-03

Table 13. Hydrogen permeation rates through metals.
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Summary

A framework is provided for the calculation of leak flow rates in various leak regimes.
Leaks due to pressure-driven convection and due to permeation through metals are
considered. The criteria used to define conditions under which the flow transitions
between the various flow regimes are discussed. Equations are presented to calculate leak
rates for subsonic laminar and turbulent flows as well as choked (sonic) flow rates. Given
the advantages of using noncombustible gases for leak testing and measurement,
equations are also developed for calculating the equivalent leak rate of helium when it is
used as a surrogate for the combustible gases hydrogen and methane in each of these flow
regimes.

Equations are also presented for the permeation rate of hydrogen through metals that
show promise as materials for construction of hydrogen confinement vessels. Tabulated
data is presented and compared for the permeation rates of hydrogen through pure iron
and two types of stainless steel over a pressure range from 5,000 psi to 15,000 psi and a
temperature range of —40°C to 100°C. The results show the sensitivity of flux to
temperature, with over an order of magnitude increase in flux with an increase in
temperature from ambient to 373 K (100°C). Hydrogen permeation rates are significantly
higher for pure iron (Fe) than for either 403 or 316L stainless steel and, under many
combinations of pressure and temperature, often exceed the maximum permissible leak
rates for gaseous hydrogen. Depending on wall thickness, pressure and temperature,
permeation rates with type 403 SS stainless steel are up to three orders of magnitude
lower than for Fe and are typically below permissible leak rates. Permeation rates for
type 316L nearly five orders of magnitude lower than Fe and, under all combinations of
pressure and temperature, are always well below the permissible leak rates.
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